INTRODuCTION
Seasonal infertility affects many farms around the world and is manifested by anestrus or a lower conception rate resulting in a reduced farrowing rate (FR) and a prolonged weaning-to-estrus interval (Peltoniemi et al., 1999; Anil et al., 2005; Chokoe and Siebrits, 2009; Auvigne et al., 2010) . Efforts are made to overcome the adverse effect of environment through management measures, such as special housing, light regimens, and cooling or heating systems. However, a decline in fertility during late summer and early autumn is observed in many farms around the world despite all these management measures, and it is commonly known as seasonal infertility (Auvigne et al., 2010) .
Seasonal infertility is observed at the same time when the European wild sow experiences total anestrus to avoid farrowing during midwinter (Tast et al., 2001; Almond and Bilkei, 2005) . Changing photoperiod is thought to provide the primary cue for determining the season when reproductive activity is most appropriate (Peltoniemi et al., 1999) . For instance, periods with decreasing daily photoperiod, for example, September/ October, is an unfavorable season for reproduction (Tast et al., 2001) . Despite domestication, sows still exhibit a seasonal trend in their reproductive performance related to photoperiod, and the domestic sow is Genetic variation for farrowing rate in pigs in response to change in photoperiod and ambient temperature C. A. Sevillano,* † 1 H. A. Mulder, † H. Rashidi, † P. K. Mathur,* and E. F. Knol* *Topigs Norsvin Research Center B.V., PO Box 43, 6640 AA Beuningen, the Netherlands; and †Animal Breeding and Genomics Centre, Wageningen University, PO Box 338, 6700 AH Wageningen, the Netherlands AbSTRACT: Seasonal infertility is often observed as anestrus and a lower conception rate resulting in a reduced farrowing rate (FR) during late summer and early autumn. This is often regarded as an effect of heat stress; however, we observed a reduction in the FR of sows even after correcting for ambient temperature in our data. Therefore, we added change in photoperiod in the analysis of FR considering its effect on sow fertility. Change in photoperiod was modeled using the cosine of the day of first insemination within a year. On an average, the FR decreased by 2% during early autumn with decreasing daily photoperiod compared with early summer with almost no change in daily photoperiod. It declined 0.2% per degree Celsius of ambient temperature above 19.2°C. This result is a step forward in disentangling the 2 environmental components responsible for seasonal infertility. Our next aim was to estimate the magnitude of genetic variation in FR in response to change in photoperiod and ambient temperature to explore opportunities for selecting pigs to have a constant FR throughout the year. We used reaction norm models to estimate additive genetic variation in response to change in photoperiod and ambient temperature. The results revealed a larger genetic variation at stressful environments when daily photoperiod decreased and ambient temperatures increased above 19.2°C compared with neutral environments. Genetic correlations between stressful environments and nonstressful environments ranged from 0.90 (±0.03) to 0.46 (±0.13) depending on the severity of the stress, indicating changes in expression of FR depending on the environment. The genetic correlation between responses of pigs to changes in photoperiod and to those in ambient temperature were positive, indicating that pigs tolerant to decreasing daily photoperiod are also tolerant to high ambient temperatures. Therefore, selection for tolerance to decreasing daily photoperiod should also increase tolerance to high ambient temperatures or vice versa.
able to recognize and respond to the changes in natural photoperiod in a controlled pig husbandry system (Tast et al., 2001; Hälli et al., 2008; Auvigne et al., 2010) .
Detrimental effect of high ambient temperature on FR was shown by Bloemhof et al. (2013) . High ambient temperatures, however, do not correlate with the time of the year when seasonal infertility is observed (Tast et al., 2002) . High ambient temperatures might intensify the negative effect of decreasing daily photoperiods, but it is unlikely to be the main trigger of seasonal infertility in temperate climates (LeMoine, 2013) .
Breeding organizations aim to provide sows with constant fertility despite seasonal variation. To implement genetic selection for sows that are tolerant to changes in photoperiod and ambient temperatures, we need to determine the magnitude of genetic variation in response to these factors. Bloemhof et al. (2012) showed that genetic variation for FR in response to ambient temperature variation exists. It is unknown if genetic variation for FR in response to photoperiod variation exists and if response to photoperiod variation interacts with response to ambient temperature variation. The aims of this study, therefore, were 1) to model and evaluate the effect of change in photoperiod on FR apart from the effect of ambient temperature, 2) to estimate the additive genetic variation among pigs for FR in response to changes in photoperiod, and 3) to estimate the genetic correlation between responses of pigs to changes in photoperiod and ambient temperature.
MATERIALS AND METHODS

Data Set
Reproductive records were available from Topigs Norsvin farms located in 14 countries in the Northern Hemisphere. The data set consisted of 60,624 mating records from 17,070 sows and their subsequent farrowing information recorded from April 2000 until February 2014. Most of the sows (12,418 out of 17,070) had more than 1 observation. Sows originated from 2 Large White dam lines, International Large White and Dutch Large White. Each record included sow identification number, parity, farm, country, date of first insemination, date of successful insemination, service sire, farrowing date, gestation length, FR, litter size, number of piglets born alive, and number of stillborn piglets. The FR of each sow was scored as 100 or 0. The FR was 100 if the first insemination led to a gestation longer than 108 d and at least 1 piglet was born. Otherwise, the FR was considered 0. Observations for litter size and gestation length were removed if they were smaller or larger than the mean ± 3 median absolute deviation. Observations, therefore, were removed from the data set when litter size was smaller than 5 piglets or larger than 21 piglets or when gestation length was smaller than 109 d or larger than 119 d. Only farms with more than 100 observations were kept. Disease outbreaks were detected as in Mathur et al. (2014) , and observations recorded during a disease outbreak were removed from the data set to avoid confounding effects with environmental stress. Observations without ambient temperature records were removed from the original data set. For all phenotyped sows, pedigree information was collected up to 20 generations back, which included 91,233 animals.
Ambient Temperature
Meteorological data were obtained from the Koninklijk Nederlands Meteorologisch Instituut (KNMI, 2015) for Dutch farms and from the National Oceanic and Atmospheric Administration National Data Center Climate Data Online (NCDC, 2015) for all other farms. Each farm was assigned to the nearest weather station. Most of the farms had a weather station within 60 km of the farm, with the closest being 5.4 km and the farthest being 250 km. Freitas et al. (2006) estimated a correlation of 0.9 between on-farm weather data and weather station data even for weather stations more than 300 km away from the farm. They concluded that for the purpose of genetic studies related to heat stress, the information from weather stations may be as accurate in capturing the effect of heat stress as the data collected on farm (Freitas et al., 2006) . Each insemination record in our data set was assigned the daily maximum temperature from the nearest weather station on the 21st day before a sow's first insemination. According to the study of Bloemhof et al. (2013) , maximum temperature on 21 d before first insemination can be used as predictive measures of heat stress in commercial sow farms. Maximum ambient temperatures were used to estimate heat load. Heat load was defined as the positive difference between the maximum ambient temperature and the upper critical temperature (uCT) of the sows. A UCT of 19.2°C for FR was used following Bloemhof et al. (2008) . A plateau-linear function was fitted considering effect of ambient temperature as a plateau when ambient temperature was less than or equal to UCT and linear when ambient temperature was greater than UCT (Bloemhof et al., 2013) .
Photoperiod Function
Sows at the insemination barn received a combination of natural and artificial light. The time and intensity of artificial lighting was not available. However, windows in the barns made that photoperiod perceived by the sows follow the natural one, especially for days with daylight longer than 8 h. Photoperiod was modeled by taking the sine of the day of first insemination within a year. We used June 21 as the longest day of the year and March 21 as the March equinox for the Northern Hemisphere and modeled the peak of the sine curve to match June 20 and the inflection point where the sine function is 0 at March 21, as suggested by Bergsma and Hermesch (2012) . However, sows adapt their fertility behavior as a response to changes in photoperiod (Tast et al., 2000) . The first derivative of photoperiod at days of first insemination gives the change in photoperiod at day of first insemination, which is the cosine function of the photoperiod function (Fig. 1) . The change in photoperiod is largest at the start of spring with cosine function values of 1.0 (i.e., maximum at March 21), meaning increased photoperiod after many days with short photoperiods, and at the start of autumn (i.e., minimum at September 21) with cosine function values of −1.0, meaning decreased photoperiod after many days on long photoperiods. Therefore, the change in photoperiod is modeled as Sows might recognize earlier or later changes in photoperiod; therefore, to identify when exactly sows perceive the change in photoperiod, we analyzed the effect of shifting the inflection point of photoperiod 30 d before and 30 d after March 21. For each day, the effect of change in photoperiod on FR was estimated based on REML analyses using the software ASReml (Gilmour et al., 2009 s is the service sire variance; e is a vector of residuals; and x, Z, and W are the design matrices assigning the observations to the levels of fixed and random effects.
Definition of Tolerance to Environmental Stress
The decreases in FR showed a seasonal pattern, which were was related to decreased photoperiod after many days on long photoperiods and high ambient temperatures (Peltoniemi et al., 1999; Tast et al., 2001; Almond and Bilkei, 2005; Auvigne et al., 2010) . Variation in FR in response to changes in photoperiod or ambient temperature, however, may be different between pigs, and part of this variation might be genetic. Genetic variation for FR in response to changes in photoperiod or ambient temperature variation means the existence of genotype × environment interaction (G×E), that is, nonparallel reaction norms. Bloemhof et al. (2012) showed that pigs react differently to ambient temperature resulting in G×E. Likewise, G×E with 2 covariates, changes in photoperiod and ambient temperature, would show how pigs genetically respond to 2 environmental factors. "Long-day tolerance" was defined as the relative change in FR when photoperiod decreases after many days on long photoperiods modeled with the cosine function. Heat tolerance was defined as the relative change in FR per unit increase in ambient temperature above the UCT (19.2°C).
Genetic Analysis
Initially, the base model (M 1 ) was used. This was followed by reaction norm models, in which the genetic effect of the reaction norms on change in photoperiod and on ambient temperature were added one at a time to the base model. The final model was as follows: y = xb + Za i + Z ph a ph + Z t a t + Zpe + Ws + e, [2] in which the vectors y, b, a i , pe, and s as well as the matrices x, Z, and W are defined as in the basic linear model [1]; a ph is a vector of random additive genetic effects for slope of the reaction norm lines of FR on change in photoperiod; and a t is a vector of genetic random effects for slope of the reaction norm lines of FR on ambient temperature. Matrices Z ph and Z t are design matrices assigning change in photoperiod and ambient temperature, respectively, to the slopes of the reaction norm lines. The additive genetic effects ai, aph, and at are multivariate normally distributed N , is the covariance between genetic effect on change in photoperiod slope and ambient temperature slope. The residual variance was considered to be heterogeneous along the environmental gradients of temperature and change in photoperiod. For that, 5 environmental classes were created. Although ambient temperatures tend to increase when daily photoperiod decreases, we observed variation in change in photoperiod per range of ambient temperature. Therefore, we were not able to group the observations according to ambient temperature and change in photoperiod simultaneously. As a result, observations were separately grouped in 2 ways: 1) according to ambient temperature and 2) according to change in photoperiod. Observations were sorted according to ambient temperature from coldest to warmest to classify observations into 5 environmental classes. The first environmental class consisted of observations with ambient temperatures lower than or equal to the UCT (19.2°C), and the remaining observations were divided in 4 classes considering quartiles (Table 1 ). For change in photoperiod, the observations were arranged from 1 to −1 to group them into the 5 environmental classes considering quintiles (Table 1 ). For each of the 5 environmental classes a residual variance was defined, so that . Variance components were estimated using ASReml software (Gilmour et al., 2009) . Furthermore, the additive genetic variances due to the changes in photoperiod, ambient temperature, and total were calculated for each of the 5 environmental classes using the variance and covariance estimates from G RN : is the total additive genetic variance at environmental class j, and ph j and t j are the average change in photoperiod and ambient temperature at environmental class j.
In total, 4 different reaction norm models were used. These were reaction norm models with change in photoperiod and on ambient temperature added one at a time to the base model (M 1 ) and with different grouping of heterogeneity of residual variance. These are described as reaction norm model numbers 1 through 4 (RN 1 to RN 4 ) and are summarized in Table 2 .
The goodness-of-fit of each reaction norm model was assessed with Akaike information criterion (AIC) using the following formula (Akaike, 1973) :
in which logL is the logarithm of likelihood of the model and K is the number of variables in the model.
The Effect of Environmental Stress on Genetic Variance and Reranking of Pigs
We calculated genetic correlations between FR at a nonstressful environment and FR at each of the 5 environmental classes using the G RN . In addition, the across-environment genetic correlations were estimated with a bivariate model to check whether estimates of the reaction norm models were not artifacts of random regression. With the bivariate model, FR recorded in a nonstressful environment and in a stressful environment were considered different traits. A nonstressful environment was defined as having ambient temperature equal to or lower than 19.2°C and an increase in photoperiod larger than 0.3. A stressful environment was defined as having ambient temperature higher than 23.2°C and a decrease in photoperiod smaller than −0.3. The bivariate model was as follows: 
RESuLTS
Reproductive and Environmental Data
On average, 87% of the sows farrowed after the first insemination. Almost 43% of the observations at 21 d before first insemination had a maximum ambient temperature greater than 19.2°C. Sows were exposed to considerably different ambient temperatures; the maximum ambient temperature recorded was 40.7°C. As shown in Fig. 2 , seasonal variation in FR exists beyond the effect of ambient temperature. A decline in FR was observed when first insemination took place around late summer to early autumn.
To identify when, exactly, sows recognize changes in photoperiod, we analyzed the effect of shifting the inflection point of photoperiod 30 d before and 30 d after March 21. The effect of change in photoperiod for each date when shifting the inflection point of photoperiod 30 d before and 30 d after March 21 are shown in Fig. 3 . Change in photoperiod had its greatest effect on FR when the inflection point of photoperiod is set at March 13. Almost 50% of the observations had a change in photoperiod lower than 0 at day of first insemination. Further models were run considering the inflection point of photoperiod at March 13. From the base linear model, we observed that the average FR dropped when photoperiod decreased after many days of long photoperiods and FR raised when photoperiod increased after many days of short photoperiods (Fig. 4A ) and FR dropped with increasing ambient temperature (Fig. 4B) . On average, the FR dropped 2% at the start of autumn with cosine-function values of −1.0 compared with the start of summer with cosine-function values of 0 and dropped 0.2% per increased degree Celsius above 19.2°C.
Comparison of Reaction Norm Models
For reaction norm models, including a slope on change in photoperiod (models RN 1 and RN 2 ) substantially improved the goodness-of-fit compared with the base model (model M 1 ). Including both slopes (models RN 3 and RN 4 ), the slope on change in photoperiod and the slope on ambient temperature, further improved the goodness-of-fit compared with the reaction norm model with only a slope on change in photoperiod (models RN 1 and RN 2 ; Table 2 ), The improvement of the goodness-of-fit if grouping of heterogeneity of residual variance was performed based on ambient temperature or based on change in photoperiod. Grouping of heterogeneity of residual variance based on ambient temperature better fitted the data than grouping based on change in photoperiod (RN 1 vs. RN 2 and RN 3 vs. RN 4 ). The best fitting model was RN 3 , a reaction norm model including both the slope on change in photoperiod and the slope on ambient temperature and with grouping heterogeneity of residual variance based on ambient temperature.
Genetic Variance in Response to Change in Photoperiod and Ambient Temperature
Estimated variance components for FR using the reaction norm models RN 3 and RN 4 are shown in Table 3 . The additive genetic variance of intercept was 23.88 when grouping of heterogeneity of residual variance was based on ambient temperature (RN 3 ) and 15.03 when grouping was based on change in photoperiod (RN 4 ). The additive genetic variance of intercept represents the additive genetic variance in performance in a neutral environment, that is, change in photoperiod around 0 and no heat stress (≤19.2°C). The additive genetic variances of the slopes on change in photoperiod and ambient temperature represent the genetic variance in responses of pigs to gradual changes in photoperiod and ambient temperature, respectively. In general, additive genetic variance increases at environments with larger negative changes in photoperiod or environments with higher temperatures. At a change in photoperiod of −1, additive genetic variance was 36.2 for RN 3 and 29.3 for RN 4 . At an ambient temperature of 30°C, additive genetic variance for ambient temperature was 91.0 for RN 3 and 137.6 for RN 4 . The permanent environmental variance was as large as 14.36 for RN 3 and 11.53 for RN 4 . The variance explained by the sire was large, around 25.5 for both models.
Estimates of genetic correlations between FR when there is no change in photoperiod and FR at different classes of changes in photoperiod using models RN 3 and RN 4 are shown in Fig. 5A . The genetic correlations between FR at the UCT of 19.2°C and FR at different ambient temperature classes calculated using the same models are shown in Fig. 5B . Both reaction norm models estimated similar genetic correlations between intercept and changes in photoperiod or between intercept and ambient temperature; however, RN 3 better fitted the data than RN 4 , as showed in the model comparison section (Table 2) . Therefore, in the next part we present results of only RN 3 .
Reaction Norms for Change in Photoperiod and Ambient Temperature
Genetic correlations among intercept, slope of change in photoperiod, and slope of ambient temperature for the reaction norm model with residuals grouped based on ambient temperature (RN 3 ) are shown in Table  3 . The genetic correlation between intercept and slopes of change in photoperiod or ambient temperature represents how the response of pigs to gradual change in photoperiod or ambient temperature could be modified if selection is performed at intercept, that is, around zero change in photoperiod and no heat stress (≤19.2°C). The genetic correlation between intercept and change in photoperiod slope was negative (−0.59 ± 0.1). The genetic correlation between the intercept and ambient temperature slope was also negative but weaker (−0.28 ± 0.1). The negative correlation means that pigs with a high FR at a neutral environment, that is, the intercept, will show a higher decrease in FR with decreasing daily photoperiod or with higher ambient temperatures. Figure 6A shows variation among pigs for estimated breeding values for FR across different changes in photoperiods. The pigs with high FR in positive environments (increasing daily photoperiod) showed larger reductions in FR with changes in photoperiod toward −1 than pigs with lower FR in neutral environments. Figure 6B shows variation among pigs for estimated breeding values for FR estimates across different ambient temperatures. The pigs with high FR in neutral environments (ambient temperature ≤ 19.2°C) showed larger reductions in FR with increasing ambient temperatures than pigs with lower FR in neutral environments. Both environmental stressors, change in photoperiod and ambient temperature, produced reranking of pigs; more extreme reranking was observed with ambient temperature because the genetic correlation between the intercept and ambient temperature slope was lower than the correlation between the intercept and change in photoperiod slope. The genetic correlation between the slope of change in photoperiod and the slope of ambient temperature was positive (0.68 ± 0.1), indicating that response to change in photoperiod and ambient temperature are genetically correlated, so they can be improved together.
Genotype by Environment Interaction
The additive genetic variances and heritability estimates for FR in each of the 5 environmental classes will be presented only for the reaction norm model with residual grouping performed based on ambient temperature (RN 3 ). Additive genetic variances and heritability estimates for FR in each of the 5 environmental classes are shown in Table 4 . The grouping goes from nonstress environments (class 1) to severe stress environments (class 5). Both additive genetic variance due to change in photoperiod and additive genetic variance due to ambient temperature increased from nonstress environments (class 1) to severe stress environments (class 5). The increase in the additive genetic variance due to increased ambient temperature was larger compared with the increase due to decreasing photoperiod. The total additive genetic variance represents the additive genetic variation of FR at neutral environments plus the additive genetic variation for response to change in photoperiod together to response to increments of ambient temperature including the covariances between their additive genetic effects. The total additive genetic variance of FR at severe stress environment (class 5) was almost 7 times greater than the total additive genetic variance at nonstress environment (class 1). The increase in total additive genetic variance of FR was larger than the increase in residual variance from environmental class 1 to environmental class 5. This resulted in higher heritability estimates in environments with larger environmental stress. Heritability estimates were 0.02 at nonstress environments (class 1) and 0.08 at severe stress environments (class 5). Genetic correlations between the neutral environments (i.e., intercept) and each of the 5 environmental classes are shown in Fig. 7 . Genetic correlations decreased from nonstress environments to severe stress environments. The genetic correlation between neutral environment and class 1, 2, and 3 were high (≥0.90), indicating that environments with changes in photoperiod greater than −0.4 and ambient temperatures less than 23°C are not stressful enough to display differences in ranking of pigs. However, the genetic correlation between intercept and class 5 was as low as 0.46 ± 0.13, indicating substantial reranking of pigs between neutral and severe stress environments.
To check whether the rerankings observed with the reaction norm model were not artifacts of random regression, we estimated variance components with the bivariate model for FR at 2 different environments; the results are shown in Table 5 . A nonstressful environment is an environment with ambient temperature lower than or equal to 19.2°C and increasing photoperiod higher than 0.3. A stressful environment is an environment with ambient temperature higher than 22.2°C and decreasing photoperiod lower than −0.3. Similar to the estimates obtained with the reaction norm model, the genetic analysis of FR at opposite environments with a bivariate model also indicated substantial reranking of pigs between nonstressful and stressful environments. The additive genetic variance was 2 times higher at a stressful environment than at a nonstressful environment, and the genetic correlation between FR at both environments was 0.76. The service sire variance was 2 times higher at a stressful environment than at a nonstressful environment, and the correlation for service sire between FR in both environments was little correlated (0.38). The permanent environmental variance was slightly larger at a stressful environment than at a nonstressful environment, and the permanent environment between FR in both environments was totally correlated (0.99). Heritability estimates were 0.02 at a nonstressful environment and 0.03 at a stressful environment.
DISCuSSION
In this study, our main aims were to estimate the additive genetic variation among pigs for FR in response to change in photoperiod and to estimate the genetic correlation between response of pigs to change in photoperiod and response to ambient temperature using a reaction norm model.
Effect of Changes in Photoperiod on Farrowing Rate
A drop in performance during late summer and early autumn was observed in our data for FR even after correction for high ambient temperatures. Despite the protection against changes in photoperiod and ambient temperature variation due to confined conditions, a seasonal infertility remains noticeable at commercial pig farms. Changes in photoperiod and ambient temperature act at different times, yet some overlapping occurs and might produce a synergic effect affecting sows' fertility during late summer and early autumn. When changes in photoperiod and ambient temperature were included in the model to predict FR (M 1 ), both had a significant effect on FR. Moreover, photoperiod can dependent on latitude, and including latitude of the farm location to characterize the amplitude of the cosine function might have resulted in a better representation of photoperiod. However, latitude confounds with ambient temperature; therefore, including both covariables in the model is not useful.
The role of annual variation in photoperiod to control the neuroendocrine mechanisms involved in season fertility was described for sows by Tast et al. (2000) and more extensively for ewes by Rosa and Bryant (2003) . Long photoperiods decrease the secretion of melatonin in sows, which is inhibitory for GnRH secretion (Tast et al., 2000) . The exact mechanism of photoperiod on melatonin, however, is not well documented, but it seems that pattern and duration of melatonin secretion is important to synchronize the timing of the breeding season (Tast et al., 2000) . And there is no attenuation in the photoperiodic melatonin transduction in the domestic pig due to altered light environment (Tast et al., 2001 ). In line with this, days longer than 12 h are observed in the Northern Hemisphere between March 21 (start spring) and September 21 (start autumn), and seasonal infertility is observed during late summer and early autumn. Therefore, long days start earlier than a drop in production is observed (Almond, 1992; Tast et al., 2001 ). This substantiates the need of the sow to recognize a photoperiod pattern to affect FR. Therefore, change in photoperiod modeled using the cosine function well describes the response of sows to photoperiod. With this model, the lowest FR is expected when first inseminations are performed around mid September, when function values of change in photoperiod are −1.0 and sows experienced a decreased in photoperiod after many days on long photoperiods. This study was done with data coming from controlled pig farms, and we that observed the negative effect of decreasing photoperiod and high ambient temperature on FR was significant; we expect that the relevance of the results from this study can be even higher for outdoor pig farms, where changes in photoperiod and ambient temperature variation are not mitigated by a controlled environment as in indoor pig farms.
Benefits of the Reaction Norm Model
This is the first time, to our knowledge, that variation in livestock performance is analyzed using a reaction norm with 2 climatic factors. We used a reaction norm model to estimate genetic variation among pigs in response to change in photoperiod and ambient temperature. Reaction norm models are able to capture animal tolerance to environmental stress (Schaeffer, 2004) . A reaction norm model takes advantage of individual repeated observations along the continuity of the environmental parameter, in our case, change in photoperiod and ambient temperature. Environmental parameters such as ambient temperature, humidity index, and disease load have been studied mainly in farm animals. Rashidi et al. (2014) and Mathur et al. (2014) studied the variation among sows in response to porcine reproduction and respiratory syndrome and showed the usefulness of reaction norm models as an approach for selection of sows to increase disease resistance and tolerance and that a reaction norm model has a better predictive ability compared with a conventional univariate model and a bivariate model. However, in both studies, they derived the environmental parameter using average estimates of reproduction records. In other studies, the environmental parameter is directly available without the need to derive it from the same data, that is, ambient temperature.
When using directly available environmental parameters, the advantage is that the environmental parameters are easy to interpret and do not depend on the data, which is the case with derived parameters, such as herd-year-season or challenge loads effects. Brügemann et al. (2013) , for instance, showed the application of reaction norm animal models to study additive genetic effects of binary traits, such as conception rate and somatic cell score of dairy cows, in response to a temperature-humidity index. Similarly, in pigs, Bloemhof et al. (2012) used ambient temperature as the covariate to estimate reaction norms of FR on ambient temperature. In the last 2 mentioned studies, the reaction norm model was able to capture additive genetic variation in response to heat stress.
In our study, besides ambient temperature, we used change in photoperiod as a covariate in reaction norm because of its continuous nature. We showed that including the slopes of change in photoperiod and the slope of ambient temperature in a reaction norm model improved the goodness-of-fit for FR compared with a linear model. Most of the sows had more than 1 observation, which enabled the estimation of the 2 slopes. This model was successful in disentangling additive genetic variation due to environmental factors in 2 components, additive genetic variation in response to change in photoperiod and additive genetic variation in response to ambient temperature.
Genetic Correlation between Intercept and Slopes of the Reaction Norms
With the genetic parameters estimated with the reaction norm model, we were also able to estimate genetic correlations among intercept, slope of change in photoperiod, and slope of ambient temperature. Genetic correlation between intercept and slopes depends on where the intercept is positioned (Van Tienderen and Koelewijn, 1994) . When only 1 environmental covariate is used for the slope of the reaction norm, you could cautiously set the intercept at the mean environment at natural conditions. However, when 2 environmental covariates are used for the slopes of the reaction norm, the position of the intercept is set where both covariates are 0. Van Tienderen and Koelewijn (1994) showed that the correlations between intercept and slope can shift from −1 to 1 depending on where the intercept is positioned. The interpretation of results, therefore, has to be done relative to the intercept position used in the model. Moreover, correlations between intercept and slope also can shift depending on the way the data is grouped to consider heterogeneity of residual variance; this can be observed in the different estimates we obtained with the reaction norm model with classes for residual variance based on ambient temperature compared with the reaction norm model with classes for residual variance based on change in photoperiod. In our analysis, a reaction norm model with grouping of residual variance based on ambient temperature, the negative genetic correlation obtained between the intercept and change in photoperiod slope indicates that sows with high FR at this intercept are less tolerant to change in photoperiod (Fig. 6A) . Evaluation for long-days tolerance, therefore, will benefit from inseminations performed at decreasing photoperiods after many days of long photoperiods to better realize the potential of pigs to cope with this type of environment. Similarly, negative genetic correlation obtained between intercept and ambient temperature slope indicates that the sows with high FR at environments with ambient temperatures ≤ 19.2°C are also less tolerant to high ambient temperature (Fig. 6B) . Therefore, genetic selection for heat tolerance should be conducted using data from environments with high ambient temperature to better realize the potential of pigs to cope with this type of environmental stress. The genetic correlation between intercept and ambient temperature slope also depends on the UCT, as this forms the basis for no heat stress. Bloemhof et al. (2012) used the same UCT and dam lines as used in this study and reported a negative genetic correlation (−0.36) between intercept and ambient temperature slope for the International Large White dam line and a positive correlation (0.16) between intercept and slope on ambient temperature for the Dutch Large White dam line, which are in the range of what we obtained, −0.28 with RN 3 and 0.09 with RN 4 , although we estimated with both lines together. Zumbach et al. (2008) reported a negative correlation between the intercept and the slope on a temperature-humidity index for finisher pigs, using an UCT of 18°C, again showing the importance of knowing the intercept for interpretation of results. This study shows that interpretation of results from reaction norm models should be done in terms of the position of the intercept, especially when 2 slopes are used, because with 2 slopes, the intercept is when both covariates are 0, whereas with 1 slope, the intercept is where 1 covariate is 0. The large variance of the slopes for change in photoperiod and ambient temperature, and the observed reranking of pigs, shows that selecting for higher FR at neutral environment is genetically related to environmental sensitivity to decreasing daily photoperiod and higher ambient temperatures. Furthermore, response on change in photoperiod and response to ambient temperature are positively correlated, meaning that pigs tolerant to long days are also tolerant to heat stress and that selection for long-days tolerance comes as a byproduct of selection for heat tolerance or vice versa.
Genetic Variation in Pigs for Farrowing Rate in Different Environments
Due to the existence of additive genetic variation in response to change in both photoperiod and ambient temperature, additive genetic variance increased in stressful environments. Even when heterogeneity of residual variances was considered to avoid individual variances to increase as a function of increased environmental stress (Lillehammer et al., 2009) , the residual variance increased in stressful environments resulting in substantial higher phenotypic variance in these environments. Stressful conditions, such as decreasing daily photoperiod and high ambient temperatures, increase individual differences in performance (Charmantier and Garant, 2005) . The increased heritability of FR at more stressful environmental classes was mainly due to an increase of additive variance, because the increase of residual variance was not large enough to conceal the increase of the heritability. We analyzed our data also with a bivariate model to prove that the reaction norm model estimates were not an artifact. With the bivariate model, we also observed that additive genetic variation among pigs for FR performance is larger at environments with decreasing daily photoperiod and high ambient temperature. However, with a bivariate model, we cannot take advantage of the continuous nature of the covariates change in photoperiod and ambient temperature.
Genetic correlations between FR in nonstressful environments and stressful environments showed that FR is genetically a different trait at the 2 extreme environments, as shown by the 2 types of models used in this study, reaction norm and bivariate. The low genetic correlation between nonstressful environments and stressful environments shows that selection without considering environmental variation is suboptimal for realizing the pigs' potential to maintain performance when decreasing daily photoperiods or with high ambient temperatures. The presence of G×E highlights the fact that the genetics that are suitable for environments with temperate climates are different from the genetics that are suitable for challenged environments (Silva et al., 2014) . Besides, we also estimated a large variance due to service sire, and with the bivariate model, we observed that the service sire variance increased at stressful environments; a similar analysis will be interesting to perform to estimate if there is additive genetic variation among boars for response to changes in photoperiod. It has been shown that semen production and semen quality is negatively affected by decreasing daily photoperiod (Andersson et al., 1998; Sancho et al., 2004) . In this sense, if genetic variation for tolerance to long days exists among boars, semen production of tolerant boars can be used during environmentally stressful periods or in countries with environmentally stressful conditions.
In general, if pigs are aimed to perform at challenging climates, for example, Nordic countries with large changes in photoperiods or tropical countries with very high ambient temperatures, breeding values of these pigs should be estimated for the specific combination of change in photoperiod and ambient temperature using the genetic parameters estimated in this study. In the selection index for pure lines, some emphasis may be placed on FR in stressful environments. To increase longdays tolerance and heat tolerance, both slopes should be included in the selection index. In addition, dams used for making crossbred F 1 sows in challenged environments could be sorted on their breeding values for FR during decreasing daily photoperiods or at high temperature.
Conclusion
Our study shows that there is significant genetic variation for FR in response to change in photoperiod and ambient temperature. Genetic variation for FR is larger in environments with decreasing daily photoperiod and high ambient temperatures compared with neutral environments. Reaction norm models are quite useful to study variation among pigs under different environmental conditions. Therefore, selection of pigs for long-days tolerance and heat tolerance is possible. It should be conducted using records collected in the presence of environmental stressors, where there is a better expression of genetic potential of pigs. The genetic correlation between response to change in photoperiod and response to ambient temperature is positive, indicating that selection for long-days tolerance should also improve heat tolerance or vice versa.
